Introduction Incidental durotomy (ID) is the most common complication of spine surgery. Revision procedures, ossification of the yellow ligament, or synovial cysts are well-known risk factors. The size, shape, and severity of ID are unpredictable, ranging from a pinpoint hole to a several centimeters large dural laceration with transected fibers following the slippage of a cutting burr. Furthermore, the occurrence of ID is always unexpected. Intra-operative management is often based on a steep learning curve rather than a structured scheme. Purpose To provide an intra-operative ten-step closure technique (10ST) for IDs of varying severity. Methods A database of 4020 consecutive surgeries for lumbar degenerative disease over the past 4 years was searched for ID. The records of 176 patients were analyzed. Two dural repair techniques were compared: the ''individual'' technique (InT) and the 10ST. Results The overall prevalence of ID was 4.4 %. The prevalence was lowest in virgin micro-discectomies (1.7 %) and ranged from 3.6 % in decompression for spinal canal stenosis up to 14.5 % in revision procedures. All surgeries were performed with the aid of a microscope. Among 107 primary surgeries, the InT achieved a singlestage closure of the ID in 96 procedures (89.7 %). Among 20 virgin surgeries, the 10ST was successful in all cases (P = 0.21). Among 42 re-do procedures following failed attempts to stop cerebrospinal fluid (CSF) leakage, the InT achieved single-stage closure in 36 procedures (85.7 %). The 10ST was successful in all 26 cases (P = 0.03). The follow-up was 1 year. Conclusions The 10ST should be considered for successful single-stage closure in primary repair of ID.
Introduction
Data concerning the relationship between the years of attending experience and the rate of ID are conflicting. Some authors have reported an inverse relationship [1, 2] , whereas others have reported ''a baseline rate of durotomies unrelated to years of training'' [3] . One explanation for the discrepancy is that situations favoring ID are better anticipated and prevented with increasing surgical experience. On the other hand, experienced surgeons have to deal with higher risk procedures, such as revision surgery or complex spine surgery [4, 5] .
The prevalence of ID in spine surgery varies widely. In virgin lumbar surgery, the prevalence of ID ranges from 3 to 5 %; whereas in lumbar revision procedures, it ranges from 7 to 17 % [3, 6, 7, 8] . The variation may be due to the difference between microsurgical procedures and conventional open techniques. However, ID is thought to be the most common complication of spine surgery, with the lumbar area as the most frequent location [3, 7] . Primary repair of ID is the first choice treatment and, if successful, the long-term clinical outcome is excellent [3, [9] [10] [11] .
Specific features of ID are:
1. Unpredictable size, shape, and severity-the injury may range from a pinpoint hole of the thecal sac to a several centimeter large dural laceration with transected caudal fibers following the slippage of a cutting burr ( Fig. 1 ). 2. Unexpected occurrence, especially at the beginning of a surgeon's career-intra-operative management relies more on an emotionally intense and steep learning curve than the step-by-step implementation of a treatment plan.
Traditionally, ID closure has not been a structural part of the teaching program for spinal trainees at our institution. In 2010, a ten-step guideline with the acronym ''Bird Dove, MD'' was introduced as a tutorial in the residency program.
The goal of the present study was to compare the efficacy of the 10ST with the InT of the ''old days''. These latter techniques varied slightly amongst the surgeons but they had the following features in common:
-No intradural patching of the ID to stop the pulsatile force of CSF -Direct closure of the dural tear by suturing or indirect closure by patching -Epidural fibrin glue and/or free muscle or fat tissue -Fascial closure but no deep anchoring of ae pedicled paraspinal muscle flap -CSF drainage cephalad to the ID when the Valsalva maneuver had shown some CSF spillage not controlled by other means.
Methods

Patients
Data from 4020 surgeries performed for lumbar degenerative diseases between February 2007 and May 2013 were analyzed. A total of 176 patients (100 females, 76 males, mean age 58 years) enclosing 13 patients with persistent lumbar CSF fistula referred to us from other Spine Centers were treated for ID in 195 surgical procedures. Several patients needed a second and few even a third look to get a successful closure of the ID. Six board-certified orthopedic surgeons and two board-certified neurosurgeons performed the surgeries. The intraspinal part of the surgery was performed routinely with the aid of a microscope. In 149 procedures, the surgeons repaired the ID with the InT with which they felt most confident. The 10ST was applied in 46 procedures. The patients were examined clinically 1 year after the last surgery. following a bite with a punch and pulling it off. d Large dorso (black arrows)-lateral (white arrows) laceration with naked L5 root
Statistical analysis
Significance was evaluated using the Student-Fisher t test and established as P B 0.05.
Ten-step closure technique
The intra-operative repair of an ID started by positioning the patient so that the CSF leak was the highest point of the surgical situs (Fig. 2) . A microscope and selected instruments (Fig. 3) were useful in our hands. To localize the CSF leak whenever the dural tear was not obvious, fluorescein was injected intrathecally a spinal level above the surgical situs. A collagen fleece with human thrombin and fibrinogen on one side (Tachosil Ò , Takeda GmbH, Germany) provided a tight dural closure up to a pressure of 62 cm H 2 O.
The 10ST, summarized by the acronym ''Bird Dove, MD'', was applied as follows 1. Bone removal until you see the whole dural tear Although this step may seem obvious, in our experience, it is the most common cause of unsuccessful ID repair. As shown in Fig. 4 , the dural injury caused by a slipped cutting burr may well exceed the directly offended area and continue underneath the lamina due to the pulling force of the instrument. In addition, in surgery using a tubular retractor the ID may be partially hidden by bone. Therefore, an enlargement of the approach should be considered whenever the border of the dural defect is not completely apparent (Fig. 5 ).
2. Intradural look This step is especially important in traumatic dural lesions in which the defect may be associated with intradural bone fragments or hematoma-both should be removed. In ID following laceration with a cutting burr, adaptation of transected fibers should be attempted. We used monofile stitches 7/0 or 10/0 or small wrappings with the hemostatic collagen fleece. The end-to-end matching of the right stumps is always a challenge.
3. Repone the fibers Small cottonoids and low power suction may be helpful to repone X-like extruded fibers 4. Do an inside patch if necessary This step is highly recommended in defects exceeding 5 mm. The hemostatic and sealing surface of the collagen fleece is yellow (riboflavin). Tailor the inside patch roughly 2 mm larger than the dural gap. The yellow surface should face towards the dura (i.e., outside). The advantages of this inside patching are twofold, as the spinal cord and/or fibers are protected during dural closure. Furthermore, the pulsatile CSF pushes the fleece against the dura, increasing the sealing effect. [5, [12] [13] [14] [15] [16] [17] [18] [19] . Primary closure with Prolene 5/0 or 7/0 is our first choice. Whenever access is very limited and hampers the needle holder, an alternative option is nonpenetrating clips, which are usually used in vascular anastomoses, applied by a rotatable shank (AnastoClip TM VCS Ò , LeMaitre Inc., USA) [20] [21] [22] . If the dural clips cannot be approximated tightly, the defect is covered by a synthetic dural (e.g., DuraGen, Integra Life Sciences Corp., USA) or fascial graft.
6. Outside patch A hemostatic collagen fleece overlapping the borders of the ID is pushed gently with the yellow surface towards the dura. Due to the presence of the inside patch, no pulsatile force will detach the outside patch from the dura (Fig. 4-d) .The combination of steps 4 and 6 is nicknamed ''the sandwich technique''. Epidural fibrin glue is also a wellknown option. However, the results are questioned and cases of epidural compression have been reported [13, 14, 23] .
7. Valsalva maneuver The positive end-expiratory pressure (PEEP) is raised up to 40 cm H 2 O and maintained at that level for 30 s. If no CSF leaks out, the repair may be assumed to be effective. This test may be enhanced in equivocal cases by the injection of fluorescein one cranial level from the lesion site.
8. Epidural pedicled muscle flap The importance of this step cannot be over-emphasized. Although all of the previous steps have failed, the gentle epidural packing (not compression) with muscle tissue prevents CSF from spilling out into a dead space. Even after repeated lumbar punctures, the epidural fat and yellow ligament prevent CSF fistulae because of the lack of an epidural dead space. Tailoring of the muscle flap is shown in Fig. 6 . The pedicle of the muscle flap should be anchored into the depth to the spinous process or to the next available bony structure to become uncoupled from the tension of the paravertebral muscles during gait.
9. Multilayer closure Deep stitches through the bony midline structures further reduce the dead space. A subfascial drain is avoided, though other authors favor it [24] . The superficial layers are closed by back-and-forth sutures and compression dressing enhances their adherence during the first postoperative hours.
Drainage of lumbar CSF if necessary
This step is more an exception than a rule. A lumbar CSF drainage may be used if the closure of the ID, mostly in cases of severe lacerations, is not perfectly tight during the Valsalva maneuver. Lumbar CSF drainage results in CSF hypotension, which may be helpful in revision surgeries for CSF fistulae. We advocate short (3-5 days) but intense (bearable headache, 300-500 ml/daily) drainage. Postoperative care: ventilation until the next day is indicated whenever tight control of the PEEP is necessary. In this cohort of patients, it was necessary in only three cases, enclosing the ''worst case'' described later. Bed rest is usually limited to 24 h but may be prolonged if a lumbar CSF drain is placed. Analgesics are administered generously to prevent abdominal pressure. Stool softeners may also be required.
Results
The intraspinal part of all 4020 surgeries was performed with the aid of a microscope. The overall prevalence of ID was 4.4 %. The prevalence was lowest in virgin microdiscectomies (1.7 %), and varied from 3.6 % in decompression for spinal canal stenosis up to 14.5 % in revision procedures. Spinal revision surgery was the most frequent cause (37 %) of ID repair, followed by decompression of lumbar spinal canal stenosis (32 %), fixation procedures (16 %), removal of disc herniation (13 %), and resection of synovial cysts (2 %).
Among 107 primary surgeries, the InT achieved singlestage closure of the ID in 96 procedures (89.7 %). Among 20 virgin surgeries, the 10ST was successful in all cases (P = 0.21). Among 42 re-do procedures following failed attempts to stop the CSF leakage, the InT achieved singlestage closure in 36 procedures (85.7 %) and the 10ST was successful in all 26 cases (P = 0.03) (Fig. 7) .
The following ''worst case'' report elucidates how the 10ST may be helpful in difficult dural repair.
A vigorous 92-year-old gentleman underwent microdiscectomy of a large disc herniation at L5/S1 causing excruciating leg pain resistant to CAT-guided infiltrations and 3/5 weakness of the left-sided plantar flexion. The pain disappeared immediately after surgery and the weakness decreased significantly. Two weeks after the initial surgery, a re-do surgery was necessary to remove an interlaminar epidural abscess that had eroded 1 cm 2 of the dura. Despite the still intact arachnoid being covered with a sealing collagen fleece, a percutaneous CSF leak developed. Unfortunately, two further revisions could not stop the CSF leak. The patient faced a fifth surgery within 9 weeks. The hope in this dramatic scenario was that antibiotic therapy controlled the infection. The fourth revision procedure started with a resection of the spinous process and L5 lamina. The cleared disc space at L5/S1 was packed with bone chips mixed with a fragmented antibiotic collagen fleece. Fluorescein revealed patency of the axillary dural tear, which was sealed with an intradural and extradural sealant collagen fleece. A large pedicled flap of the right-sided paravertebral muscle was swung onto the epidural area. A tight multilayer closure of the soft tissues was performed (Fig. 6b, d) . A CSF drain was inserted at the L4/L5 level. Postoperative ventilation was continued in the ICU over 1 week and the CSF drain was retained for 2 weeks. The subsequent clinical course was complicated by pneumonia and gastric perforation. Both adverse events were treated successfully. The patient was discharged 3 months after the first surgery in reasonably good health.
Discussion
In the past, different surgeons at our clinic have treated ID in different ways due to the unexpected occurrence and unpredictable severity of ID. In addition, in revision surgery, dural closure, especially of larger defects, was often hampered by extensive scar tissue. Similarly, re-do surgery after failed attempts to stop CSF leakage was challenging because of the previous aggressive action of CSF on tissues. A couple of tools proved to be helpful in improving the quality of ID closure.
The injection of fluorescein has been associated in the literature with complications, such as seizures, and even one death has been reported. However, the single dose of fluorescein that was administered was 100 mg or more in the cases with major complications, and even higher than 500 mg in the mortality case [20] . In a prospective multicenter study, the concentration of the fluorescein solution was lowered to 5 % and the maximum dose limited to 50 mg diluted with 9 ml CSF and injected slowly. Not even minor adverse effects were reported in 53 patients [21] . The patient has to be informed that the urine will be greenish in color for a couple of days.
The use of collagen fleece with human thrombin and fibrinogen was recommended by the manufacturer to achieve hemostasis. The elasticity of the wet fleece and its sealing side effect were able to withstand pressures of up to 46 mmHg (or 62 cm H 2 O), making it very helpful in patching the ID from the intradural and extradural surface. Compared to hydrogeltype sealants, the fleece offers the advantage of an intrinsic structural support, which is especially useful for intrathecal application. The intradural covering of the dural tear protects the spinal cord, as well as the caudal fibers, during the dural closure. Furthermore, the closing function is reinforced by the pulsatile force of the CSF.
The superiority of the 10ST in single-stage repair of complex revision surgery for ID led us to assume that a structured scheme and cadaver lab training before the ID occurs can prepare spinal surgeons, especially trainees, for better handling of the ID. One limitation of this report is that the 10ST has not been validated by a prospective or randomized study design. The reason for this is that each ID is very specific, as our ''worst case'' report showed, and often not comparable with other occurrences. The only common feature is the CSF leak. The second limitation is that the ID cohorts in primary surgery differed markedly in size. Therefore, the comparison of the two treatment options did not reveal any significant difference. Nevertheless, the fact that none of the 46 10ST procedures failed proves the efficacy of the checklist, especially if we consider that single-stage closure was obtained in 26 re-do surgeries, even after multiple unsuccessful attempts to stop the CSF leak.
The strength of this study is that it stresses the need to approach ID with a structured to-do list of surgical steps. We are not aware of this approach being used in a previous publication.
Conclusions
ID is the most common complication of lumbar spinal surgery. Prevention by carefully planning the sequential surgical steps is of utmost importance. After ID has occurred, intra-operative management tailored to the specific dural tear is the key to prevent a revision procedure for CSF leakage. The 10ST for ID revision results in a significantly higher rate of single-stage dural closure compared to conventional techniques.
